Both experimental and theoretical studies have been carried out to study the structure and magnetic properties of Mn 2 NiGa alloys. We have found, instead of forming L2 1 structure where both A and C sites are occupied by Mn atoms, the alloy favor a structure where the C site is occupied by Ni atoms and Mn atoms at A and B sites. The electronic structures of both cubic austenite and tetragonal martensite Mn 2 NiGa were calculated by self-consistent full-potential linearized-augmented plane-wave ͑FP-LAPW͒ method. Austenite Mn 2 NiGa materials show ferrimagnetism due to antiparallel but unbalanced magnetic moments of Mn atoms at A and B sublattices. The magnetic moment of Mn atoms decrease greatly upon martensitic transformation to a tetragonal structure with a 50% reduction in Mn moments at the A site and almost completely suppressed Mn moments at B sites. Consequently, martensite Mn 2 NiGa alloys show ferromagnetic coupling. Different magnetic orderings in martensite and austenite also lead to very different temperature dependence, with which the abnormal behavior of magnetization upon martensitic transformation can be understood. In the offstoichiometric samples with composition between Ni 2 MnGa and Mn 2 NiGa, we show that additional Mn atoms that substitute for Ni atoms in Ni 2 MnGa have the same magnetic behaviors as Mn in Mn 2 NiGa phase, which successfully explains the dependence of the magnetization on Mn composition.
I. INTRODUCTION
The Heusler alloys first became of interest in 1903 when F. Heusler discovered that it is possible to make ferromagnetic alloys entirely from non-ferromagnetic elements. 1, 2 Heusler alloys are ternary intermetallic compounds with highly ordered L2 1 structure, which belongs to the Fm3m space group. The structure has 16 atoms in a unit cell and is best described in terms of four interpenetrating fcc sublattices A, B, C, and D as shown in Fig. 1͑a͒ . 2, 3 Based on the different alignments of X, Y, and Z atoms in four fcc sublattices, different ordered structures can be obtained.
Ferromagnetic shape memory alloy ͑FSMA͒ Ni 2 MnGa is a typical Heusler alloy with A and C sites being occupied by Ni atoms, and B and D sites by Mn and Ga atoms respectively. The large Mn-Mn distance of 4.12 Å suggests that the indirect exchange between Mn atoms dominates in Ni 2 MnGa. [2] [3] [4] Both theoretical and experimental results indicate that Mn atoms, instead of the Ni atoms, are the main contributors to the magnetism in Ni 2 MnGa. 3, 4 Large local Mn magnetic moments also lead to high saturation magnetization in this material. The materials have also been extensively studied with many reports on their structure, magnetic properties, martensitic transformation, magnetically controlled shape memory effect, and magnetic-field-induced strain. [5] [6] [7] [8] [9] In order to develop new FSMAs based on Ni 2 MnGa, many works have been performed on the offstoichiometric Ni 2 MnGa which revealed some interesting results. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The magnetic properties and martensitic characteristics of Ni 2−x Mn 1+x Ga alloys were found to change dramatically when additional ͑x͒ Mn substitutes for Ni. 24, 25 It's believed that the moments of these additional Mn atoms are aligned antiparallel to those of the original Mn atoms. 24 However, the structure and magnetic properties in the Ni -Mn-Ga system with Mn content higher than 40 at. % have rarely been studied. Recently, we reported that Mn 2 NiGa alloy exhibits a martensitic transformation around room temperature and an excellent two-way shape memory behavior with a strain of 1.7% in single crystal samples. 26 In this paper, we will focus on Ni-Mn-Ga system with high Mn content and study the structure and magnetic properties of Mn 2 NiGa alloys synthesized in our previous work. The Mn 2 NiGa alloy is found to have a cubic structure with the saturation magnetization of about 33.49 emu/ g. In this structure, Mn atoms prefer the B sublattice, while Ni atoms prefer the A or C sublattices. Our theoretical calculations show the Mn magnetic moments ͑2.52 B ͒ at A sites are antiparallel to the Mn moments ͑3.56 B ͒ at B sites, thus forming ferrimagnetic structure in austenite phase. The magnetic properties change dramatically through the martensitic transformation to a tetragonal structure with reduced Mn moment of 1.44 B at A sites and almost diminishing Mn moments of 0.02 B at B sites. Consequently, Mn 2 NiGa alloy shows ferromagnetic behavior in the martensite phase. In the following, we will discuss details of both theoretical and experimental studies of these properties.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The samples studied in this work were prepared by arc melting Ni, Mn, and Ga with purity of 99.95% in an argon atmosphere and a water-cooled Cu crucible. The arc-melted samples were encapsulated in quartz tube filled with argon, annealed at 1073 K for 72 h, and subsequently quenched into an ice-water mixture. The structure of the samples was determined using powder x-ray diffraction ͑XRD͒. The low temperature saturation magnetizations ͑M s ͒ were measured using a superconducting quantum interference device magnetometer ͑SQUID͒ in fields up to 5 T. The high temperature saturation magnetization was measured by a vibrating sample magnetometer ͑VSM͒.
The electronic structure of Mn 2 NiGa was calculated using the self-consistent full-potential linearized-augmented planewave ͑FP-LAPW͒ method based on the local spin-density approximation within the density functional theory, 27, 28 where the potential and/or the charge density in the crystal are treated with no shape approximation. Sixty k points for the austenite and 80 k points for the martensite in the irreducible Brillouin zone turn out to be sufficient for the results presented in this paper ͑0.1 mRy for the total energy per cell͒. The self-consistent calculation stops as the charge density deviation is less than 0.01 me/a.u. and the total energy deviation is better than 0.1 mRy per cell. The experimental lattice constants are used in the calculation. The muffin-tin sphere radii R used are 2.3 a . u. for Mn and 2.4 a . u. for Ni and Ga atoms. The density plane-wave cutoff is Rk max = 8.0. The electron states were treated in a scalar relativistic approximation. Using the energy eigenvalues and eigenvectors at these points, the density of states was determined by the tetrahedral integration method.
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III. RESULTS AND DISCUSSIONS
A. Structure
The chemical structure of the Heusler alloys is readily determined using x-rays diffraction techniques. The intensities of different lattice reflections are proportional to the square of the structure factor, F 2 . For Heusler alloys, F͑111͒ and F͑200͒ correspond to the order-dependent superlattice reflections, while F͑220͒ is order-independent principal reflections. 3 Therefore, the different superlattices can be distinguished by comparing the intensity ratio of the different lattice reflection I͑111͒ / I͑200͒. Here, two different structure models 30 as shown in Figs. 1͑b͒ and 1͑c͒ were considered. In an ordered L2 1 structure ͓Fig. 1͑b͔͒, Mn atoms occupy A and C sites. By exchanging the Mn at C sites and Ni at B sites, the L2 1 structure changes into another highly ordered structure with a different superlattice, shown in Fig. 1͑c͒ . In this paper, Mn 2 NiGa denotes the stoichiometric compound. MnNiMnGa and MnMnNiGa, representing the basis along the diagonal direction in two unit cells, are used to distinguish the structures shown in Figs. 1͑b͒ and 1͑c͒ , respectively. In other words, MnNiMnGa and MnMnNiGa have the same chemical composition and principal cubic structure, but are different superlattices, which can be detected by comparing the relative intensities of corresponding peaks in XRD spectrums. 3, 31 Figures 2͑a͒ and 2͑b͒ show the calculated XRD patterns for powder samples with the experimental lattice constant of a = 5.9072 Å for MnNiMnGa and MnMnNiGa structures. As expected, they show quite different I͑111͒ / I͑200͒ ratios, which is usually used to identify the structure in this intermetallic compound family. 31, 32 The experimental XRD pattern for Mn 2 NiGa powders is shown in Fig. 2͑c͒ , which clearly has the MnMnNiGa structure. This result is consistent with neutron diffraction for Mn 2 NiSn. 30 The MnMnNiGa structure's prototype is Hg 2 CuTi alloy and be- longs to the F43m space group, which is different from the L2 1 structure with Fm3m space group. 33, 34 Some Heusler alloys studied in the past have one Mn atom per formula unit cell and show an L2 1 structure. In contrast, the alloys with two Mn atoms per formula unit cell, and especially with MnMnNiGa structure, have rarely been studied. In this structure, these two Mn atoms sit in two different sublattices, which will show very different electronic and magnetic properties. With these in mind, we carried out the first-principles calculations to study the electronic structure and magnetism of MnMnNiGa.
B. Electronic structure and magnetism
MnMnNiGa and MnNiMnGa structures in austenite phase
In Heusler alloys, the magnetic properties can be altered by changing the degree or type of chemical order. 3 It is known that the Mn-Mn distance plays an important role here. The large Mn-Mn distances difference in MnNiMnGa ͑2.9536 Å͒ and MnMnNiGa ͑2.5579 Å͒ implies significantly different magnetic properties in these two types of structures. The total density of states ͑DOS͒ for MnMnNiGa using the experimental lattice constant of a = 5.9072 Å is shown in Fig.  3͑a͒ . One strong peak for Ga atom at about −15.48 eV is not shown since it is symmetric between spin-up and -down states and therefore does not contribute to the total moment. For the majority-spin state, the DOS is very low near the Fermi level and only Mn at A sites ͓Mn͑A͔͒ have a slight contribution. For the minority-spin state, the DOS of Ni and Mn͑A͒ dominate near the Fermi level. The 3d bands for Mn at B sites ͓Mn͑B͔͒ has a peak above the Fermi level in the spin-down states, and a double-peak structure in spin-up states below the Fermi level arising from the splitting of Mn e g -t 2g levels in a cubic crystal field. The large splitting in DOS between spin-up and -down states suggests a strong exchange, which leads to large localized spin magnetic moments at the Mn͑B͒ sites. 4 For Mn͑A͒ atoms, the spin-down states are mostly situated below the Fermi level, while the spin-up bands shows a maxim above the Fermi level. It is also clear that the exchange splitting of Mn͑A͒ d states is weaker than that of Mn͑B͒ atoms in this alloy because of different local surrounding. The spin-up and -down d bands of Ni atoms are equally populated with negligible contributions to the total moment.
The Mn 3d bands are very different for the two spin directions and crucially depending on sites. is inconsistent with our experimental results to be presented later. This result confirms that Mn 2 NiGa alloy favors the MnMnNiGa structure instead of the MnNiMnGa structure. The fact that the calculated total magnetic moment is slightly less than the experimental value can be reasonably attributed to the small amount of Mn atoms antisitting between A and B sublattices. In addition, the total energy calculated with experimental lattice constants for MnNiMnGa type is 0.44 eV/ cell higher than that of MnMnNiGa-type structure and the structure is therefore less favorable. It was believed that the magnetism, especially in 3d alloys, is predominantly determined by the immediate environment around potentially magnetic atoms. One has to consider four aspects of short-range order to understand the magnetism: the number, type, distance, and symmetry of the nearest neighbors about a given site. 36 Comparing Fig. 1͑b͒ with Fig.  1͑c͒ , in MnMnNiGa structure, a Mn͑A͒ atom is surrounded by four Ga and four Mn͑B͒ atoms, and a Mn͑B͒ atom is surrounded by four Ni and four Mn͑A͒ atoms. In contrast, all Mn atoms in a MnNiMnGa structure have a similar environment, and each is surrounded by four Ga and four Ni atoms. Due to the difference in local environment, it is expected that Mn͑A͒ and Mn͑B͒ in MnMnNiGa have very different moments, whereas all Mn atoms in MnNiMnGa structures carry the same moments ͑Table I͒.
To describe the magnetic ordering of Heusler alloys, three types of interactions are usually considered: ͑1͒ superexchange via the sp electrons of Ga atoms; ͑2͒ s-d Mn interaction between the s conduction electrons and the localized d Mn electrons via a Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ type exchange; and ͑3͒ d-d interaction which leads to a common d band with rather delocalized d electrons. 37 Although these interactions intermingle and complicate the interpretation, the final ordering seems to be only a function of the nearest Mn-Mn distance. The smaller separation among Mn͑A͒ and Mn͑B͒ in MnMnNiGa gives rise to antiferromagnetic coupling between Mn͑A͒ and Mn͑B͒ sublattices, and large separation among Mn atoms, which is the case in MnNiMnGa structure and within each sublattice of Mn͑A͒ and Mn͑B͒, lead to ferromagnetic coupling. Therefore, for the same composition ofMn 2 YZ ͑where Y and Z are other transition metal elements and s-p elements, respectively͒, the magnetic properties will sensitively depend on the Mn loca- tions. Based on this knowledge, one may manufacture similar materials with rich physical properties.
MnMnNiGa structures in martensite phase
In our previous report, 26 Mn 2 NiGa undergoes a martensitic transformation from a cubic to a tetragonal structure. We thus calculated the electronic structure and magnetic moment of Mn 2 NiGa alloys in a tetragonally distorted MnMnNiGa lattice. The experimental lattice constants determined by XRD are a = b = 5.5472 Å and c = 6.7144 Å and are used in this calculation. Figure 5 shows the calculated DOS. Similar to previous discussions, we omit the major DOS for Ga atom at about −15.48 eV. The electron states from Mn and Ni are found to have the largest contributions to the total DOS. The distinct feature in this structure is that most states for Mn͑A͒ and Mn͑B͒ are near the Fermi level and have a large overlap. The strong hybridization between Mn͑A͒ and Mn͑B͒ weakens the intra-atomic exchange interaction. Correspondingly, the polarization of 3d electrons is also weakened and the magnetic moment of the Mn atom decreases. The total number of the 3d spin-up and spin-down electrons does not change for Mn atoms. As shown in Table I , the numbers of spin-up and spin-down 3d electrons on Mn͑A͒ are 3.63 and 2.25, respectively, leading to a magnetic moment of 1.38 B . For Mn͑B͒ atoms, the numbers are 2.91 and 2.92 for spin-up and spin-down electrons, respectively, giving rise to a magnetic moment of −0.01 B . Taking into account the contributions of other electrons and atoms, the total calculated magnetic moment is 1.41 B per formula unit of Mn 2 NiGa, corresponding to 33.28 emu/ g. It is only slightly less than our experiment result of 33.49 emu/ g.
The symmetry plays an important role on magnetism and broken symmetry will reduce the band degeneracies. 36 The intra-atomic exchange interaction between Mn 3d electrons can be expressed in terms of the semi-empirical relation J = 0.59+ 0.075͑Z −21͒, which gives Mn atoms ͑Z =25͒ a value of J = 0.89 eV. If intra-atomic exchange interactions are the origin of the exchange splitting between spin-up and spindown bands, one expects I = ⌬E x / d to be equal to J. 38, 39 The exchange splitting ⌬E x has been listed in Table I . The fact that the values of I obtained from band-structure calculations are very close to the atomic parameter J proves that the exchange splitting between Mn 3d bands is mainly an intraatomic effect. Comparing Figs. 3 and 5 , the DOS indicates that the Mn 3d bands are much more localized in energy for austenite than martensite, which indicates the important influence of the crystal symmetry. 40 Therefore, the intra-atomic exchange interaction of Mn atoms was seriously tampered, especially for Mn͑B͒ atoms whose moments are suppressed to zero. For the Mn͑A͒ atoms, ferromagnetic alignment was induced by the indirect exchange interaction.
General discussion
By comparing their band structures, one can see there are very different hybridizations in cubic MnMnNiGa and MnNiMnGa austenite and tetragonal MnMnNiGa martensitic structure, which are important to explain the interatomic exchange interactions. 37 In cubic MnMnNiGa structure, the moments on Mn͑A͒ and Mn͑B͒ are antiparallel and the hybridization between Mn͑A͒ and Mn͑B͒ 3d electrons are weak because of small overlap of states at similar energy level. Therefore, the antiparallel alignment between Mn͑A͒ and Mn͑B͒ sublattices was maintained by a weak direct d Mn͑A͒ -d Mn͑B͒ exchange interaction. The ferromagnetic coupling within each sublattice is stabilized by the s-d Mn interaction via s electrons in Mn or Ga atoms. In cubic MnNiMnGa structure, the Mn͑A͒ and Mn͑C͒ are not the nearest-neighboring atoms and the indirect exchange should be considered as the main exchange mechanism. In the martensite case, the hybridization between different Mn sublattices is much stronger, leading to the formation of a broader d band in the martensite. The interatomic interaction is so strong that the intra-atomic interaction is almost completely suppressed. Only Mn͑A͒ atoms have a remaining moment of 1.44 B , which are aligned in parallel by the indirect exchange.
Comparing the above-calculated results for Ni 2 MnGa, it becomes clear that the Mn atoms that substituted Ni have much larger magnetic moments than those of the original Ni atoms, but are antiparallel to those of the original Mn atoms. Upon the martensitic transformation, the Ni 2 MnGa shows a small increase in magnetization due to the small increase of moments of Ni atoms and Mn atoms which are largely intact during the transformation. The reason can be attributed to the large Mn-Mn distance in both martensite and austenite. However, for Mn 2 NiGa, although the magnetization also show a small increase, the magnetic moments of Mn͑A͒ and Mn͑B͒ atoms changes dramatically. In Mn 2 NiGa, the Mn͑A͒ and Mn͑B͒ are nearest neighbors and much closer than that in Ni 2 MnGa. Therefore, after the structural transition, the hybridization between Mn͑A͒ and Mn͑B͒ atoms can be strongly influenced with much reduced moments. The small increase in magnetization is attributed to the counteractive changes in moments of Mn͑A͒ and Mn͑B͒ atoms.
C. Experimental results
In this section, we present our experimental results to reveal how the magnetism changes when Ni 2 MnGa is gradually transferred into Mn 2 NiGa with a substituting process. The original sample has a composition of Ni 2 MnGa was chemically changed by increasing Mn and decreasing Ni content simultaneously to achieve a series of samples denoted as Ni 2−x Mn 1+x Ga ͑x = 0.2, 0.4, 0.5, 0.6, and 0.8͒. The magnetizations for the various compositions were measured at 5 K and are shown in Fig. 6͑a͒ . As reported previously, all the samples have a cubic structure at high temperature and undergo a martensitic transformation to a tetragonal structure at low temperatures. 3 The ⌬M value of 2.72 B is also in agreement with the experimental value of 2.73 B . This means that, going from Ni 2 MnGa to Mn 2 NiGa by substituting Ni atoms at the A site with Mn atoms, the additional Mn atoms take the same magnetic structure as in Mn 2 NiGa martensite. This observation can be extended to the austenite phase. Unlike in martensite phase above, Mn͑B͒ atoms in austenite carry sizable moment which are antiparallel to that of Mn͑A͒. The number of Mn͑A͒ atoms is gradually increasing during the substituting process and is finally equal to the number of Mn͑B͒ atoms in Mn 2 NiGa. Consequently, all offstoichiometric samples Ni 2−x Mn 1+x Ga show a coexistence of ferromagnetic order due to uncompensated Mn͑B͒ atoms and ferrimagnetic order between Mn͑A͒ and Mn͑B͒ sublattice, which is consistent with results reported by J. Enkovaara. 24 The temperature dependence of magnetization from 5 K to 600 K in a 5 T magnetic field is shown in Fig. 7 for Mn 2 NiGa. One can see that the Curie temperature is 588 K, which is consistent with our previous report where the Curie temperature was determined by measuring ac susceptibility. 26 In single-phase martensite or austenite, magnetization decreases smoothly and monotonically with increasing temperature. The magnetization decreases upon martensitic transformation. Comparing the magnetization of austenite with that of martensite at 275 K ͑at this temperature, the material is austenite upon cooling but it is martensite upon heating͒, the material has nearly a 10% reduction in magnetization from austenite to martensite. This behavior is quite similar to that in a Ni-Mn-Sn system, but differs from that in Ni 2 MnGa where the magnetization of martensite is higher than that of the parent phase. We should note that, in our calculated results ͑at 0 K͒, the magnetic moment in martensite is larger than that in austenite, which is in contrast to the experimental results observed at 275 K. As discussed in previous sections, the material has different magnetic ordering in martensite and austenite. Especially, the austenite show ferrimagnetism due to antiparallel but unbalanced magnetic moments of Mn atoms at A and Bsublattices. Usually, the ferrimagnetic materials show complex temperature dependence in magnetization due to the competition between two different sublattices, each with different magnetic moment. Therefore, this problem may be attributed to the different temperature dependence due to the different magnetic ordering for martensite and austenite. We are currently investigating this mechanism.
IV. CONCLUSION
The Mn 2 NiGa alloy favors MnMnNiGa structure with A and C sublattices occupied by Mn and Ni atoms, respectively, instead of MnNiMnGa structure with both A and C sublattices being occupied by Mn atoms. The Mn 2 NiGa alloy exhibits a complex magnetic behavior due to the high content of Mn and their atomic order. Although, experimentally, there are no significant changes in magnetization between martensite and austenite phase, the calculated electronic structure reveals very different magnetic properties. The material is ferrimagnetic in austenite due to the antiparallel but unbalanced moments for Mn atoms at different sublattice. The magnetic moment of Mn atom decrease greatly upon martensitic transformation to a tetragonal structure with a 50% reduction in Mn͑A͒ moments to about 1.44 B and almost completely suppressed Mn͑B͒ moments. The material shows a ferromagnetic characteristic in martensite phase. This might imply an applied magnetic field could have a strong influence on martensitic transformation, which deserves further investigation. At low temperatures, the spontaneous magnetization of Mn 2 NiGa at martensite is larger than that at austenite because of antiferromagnetic coupling in austenite. Different magnetic orderings in martensite and austenite also lead to very different temperature dependence, with which the abnormal behavior of magnetization upon martensitic transformation can be understood. For the samples with composition Ni 2−x Mn 1+x Ga, the process of magnetic change with increasing Mn content has been presented experimentally. It is believed that in the offstoichiometric samples, the additional Mn atoms play the same role as that in the Mn 2 NiGa. 
